The effect of the antioxidant butylated hydroxytoluene (BHT) on the accumulation of intimal smooth muscle cells (SMC) and development of intimal thickening after balloon catheter injury of the aorta were studied in rabbits with dietary-induced hyperlipidemia. Two sets of New Zealand White rabbits (eight rabbits in each group) were fed either 0.25% cholesterol or 0.25% cholesterol/1 % BHT for a total of 6 wk. Serum lipid levels did not differ between the two groups. 3 wk after the start of the study, a balloon injury of the aorta was performed, after which the rabbits were kept on their respective diets for another 3 wk. After this period of time, the rabbits were killed and their aortas were investigated. The BHT-treated rabbits had only one fourth of the intimal thickness (P < 0.0001) and half the number of SMC/mm intima (P < 0.001), as compared to the rabbits fed only cholesterol. There was also a lower number of macrophages in the BHT-treated group. T lymphocytes were present in the intima of cholesterol-fed rabbits, whereas no such cells could be identified in the BHT-fed animals. There were significantly lower levels of autooxidation products of cholesterol (7-oxocholesterol, cholesterol-5,6-epoxide, and 7#-hydroxycholesterol) in the aortas of BHT-treated rabbits, P < 0.001.
Introduction
Several lines ofevidence have suggested that oxidation of LDL could be an important initiating factor in the development of atherosclerotic lesions (1) . Based on in vitro experiments demonstrating that macrophages have few receptors for native LDL but express abundant receptors for oxidatively modified LDL, it has been proposed that the formation offoam cells in athero-sclerotic plaques is caused by uptake of oxidized LDL by intimal macrophages (1) (2) (3) . This notion has been further supported by immunohistochemical studies demonstrating the presence of macrophages containing oxidized LDL in atherosclerotic lesions (4, 5) . There is also in vitro evidence that oxidized LDL may influence the release of monocyte chemo-attractants from endothelial cells (6) and the ability ofthese cells to adhere mononuclear leukocytes (7, 8) . Oxidized LDL also promotes differentiation of monocytes into macrophages (9) and activates T lymphocytes by a monocyte-dependent mechanism (10) .
Considerable interest has focused on the possibility that oxidation of LDL may contribute to the intimal accumulation of smooth muscle cells (SMC)', which is one of the major characteristics of human atherosclerosis ( 1 1, 12) . In vitro, endothelial cells, SMC, and macrophages all have the capacity to produce PDGF, the major serum mitogen for cultured SMC (13) (14) (15) . Expression of PDGF at both the gene and protein levels, has been found in atherosclerotic plaques, indicating that locally produced growth factors may be involved in the activation of intimal SMC proliferation (16) (17) (18) . We have re- cently shown that oxidized LDL stimulates secretion of PDGF/A from human vascular SMC (19) . However, others have demonstrated an inhibitory effect of oxidized LDL on PDGF release from macrophages (20) and the question whether lipoprotein oxidation results in increased release of growth factors from vascular cells in vivo remains controversial.
The hypothesis that oxidation of LDL plays an important role in atherogenesis has, however, been further substantiated by animal studies demonstrating that probucol, a lipid lowering drug with antioxidant properties, is a more potent inhibitor of formation of arterial lipid-rich lesions than other equally lipid lowering drugs (21, 22) . Recently, we reported that the antioxidant butylated hydroxytoluene (BHT), in spite of increased serum lipid levels, inhibited the development ofatherosclerosis in cholesterol-fed rabbits (23). In the present work, a modification of the BHT model has been used to evaluate the role of lipoprotein oxidation in the development of intimal hyperplasia. It is well known that mechanical injury ofvascular tissue results in migration of SMC from the media into the intima, where cell replication and secretion ofextracellular matrix components leads to the development of fibromuscular lesions. We report here that the antioxidant BHT effectively inhibits the accumulation of intimal SMC and the development of intimal thickenings after a balloon catheter-induced injury of the aorta in mildly hypercholesterolemic rabbits. After 3 wk offeeding, the rabbits were subjected to anesthesia intravenously (Mebumal Vet; Nordvacc, Stockholm, Sweden). Aortic endothelial injury was inflicted in the anaesthetized rabbits with a balloon catheter. A catheter was introduced into the aorta via one femoral artery to the aortic arch. The balloon was inflated by injection of air from a 20-ml syringe to achieve constant lateral wall pressure along the aorta during withdrawal of the catheter. The catheter was withdrawn with the balloon inflated three times. After the procedure, the femoral artery was ligated and the wound was sutured.
After the surgical procedure, the animals were kept on their respective diets for another 3 wk. At the end of the study, the rabbits were killed by an intravenous overdose of fluanizone and phentanyl. In addition, a separate set of animals (four BHT/cholesterol-fed and four cholesterol-fed rabbits) were killed before intimal injury after 3 wk of feeding ofthe respective diets. The project was approved by the Animal Ethical Committee (Stockholm).
Analytical methods. Before the study, at the time of the traumatic balloon injury to the aorta and at the end of the study (i.e., at weeks 0, 3, and 6), blood samples were drawn from an ear vein of each rabbit. After centrifugation, the plasma samples were analyzed for cholesterol and triglycerides using standard enzymatic procedures (Boehringer Mannheim GmbH, Mannheim, Germany). Hyperlipidemic sera were diluted before the assay, and under the conditions used, there was a linear relation between photometric response and amount of serum cholesterol or triglycerides. The mean levels ofplasma cholesterol were 1.19, 6 .28, and 7.78 mM in the cholesterol-fed animals, whereas the corresponding values for the cholesterol-and BHT-fed animals were 1.25, 7.50, and 11.31 mM.
Concentrations of7-oxocholesterol, cholesterol 5a,6jf-epoxide, and 7fl-hydroxycholesterol were measured by isotope dilution mass spectrometry (24) . Briefly, the aortic tissue was immediately frozen in liquid nitrogen, pulverized, and extracted with methanol/chloroform 1:2 (vol/vol). After evaporation ofthe solvent, the samples were dissolved in 0.5 ml chloroform and fractionated (Bond-Elut NH2 column; Varian Sample Preparation Products, Harbor City, CA) as described (25) . After collection of the neutral lipid fraction, the solvent was removed under a gentle stream of argon and the residue was dissolved in 0.5 ml of methanol/water 9:1 (vol/vol). The oxysterols were thereafter analyzed as previously described (24) Electron microscopy. Tissue samples intended for electron microscopy were fixed in 3% glutaraldehyde in 0.1 M cacodylate buffer containing 0.1 M sucrose, rinsed, and postfixed in 1% OsO4 for 4 h. They were then stained with 0.5% uranyl acetate for 1 h, dehydrated in aceton, and embedded in resin (Westopal, Geneva, Switzerland). Thin sections were cut on an ultrotome (LKB Instruments Inc., Bromma, Sweden) and examined under an electron microscope (model 400; Philips, Eindhoven, The Netherlands).
Statistical methods. Student's t test for unpaired samples was used to detect differences between groups.
Results
Throughout the study, no significant changes in the serum lipid pattern were seen between the animals fed standard chow supplemented with 0.25% cholesterol and those given standard chow supplemented with 0.25% cholesterol and 1% BHT (Table I). occasional lesions were also observed, but these were never thicker than the underlying media. In addition, a diffuse intimal thickening was present in large parts ofthe aorta (Fig. 1, d , f and h). These thickenings were usually not more than a few cell layers. The mean intimal thickness of the BHT/cholesterol-treated rabbits was only one fourth of that of the cholesterol-fed animals (Table II) . Also, as seen in Fig. 2 , both the average minimal and maximal intimal thickness were significantly lower in cholesterol/BHT-treated rabbits. In three ofthe BHT-treated animals, the aortas completely lacked intimal thickening (Fig. 1 b) The possibility to use cell-specific antibodies to identify SMC, macrophages and lymphocytes in rabbit atherosclerotic lesions was recently demonstrated by Hansson and co-workers (27) . In the present study, we therefore used the HHF 35 a-actin antibody to identify SMC, the RAM 11 antibody to identify macrophages and the LI1 / 135 antibody for T lymphocytes.
Positive staining for a-actin was found in the intima and media of both cholesterol-fed and BHT-treated animals, whereas no or only weak staining was present in the adventitia (Fig. 1, c  and d ). The fibromuscular lesions showed a uniform stain for a-actin. A persistent finding in both groups was that the intima showed a stronger staining than the media for a-actin. The intimal lesions in cholesterol-fed animals also stained uniformly with the macrophage RAM 11 antibody (Fig. 1 e) . A clear but less intense staining with the RAM 11 antibody was observed in diffuse intimal thickenings in the BHT-treated group (Fig. 1 f) . These intimas were usually only stained close to the internal elastic lamina, whereas the area close to the surface appeared to contain few macrophages. Occasional cells showing positive staining for the LI I / 135 T lymphocyte antibody were present in intimas of cholesterol-fed rabbits (Fig. 1  g) , whereas no such cells could be identified in BHT-treated animals ( Fig. 1 h) .
Electron microscopic analysis of the aortic fibromuscular lesions in cholesterol-fed rabbits demonstrated that the lesions were rich in cells. Many of these cells had an ultrastructure of synthetic SMC with a cytoplasm rich in synthetic organelles, such as endoplasmatic reticulum and Golgi complexes. The cells frequently contained a few peripheral lipid droplets (Fig. 2  a) . In the central region of the lesion and close to the internal elastic lamina, macrophage-like foam cells were present (Fig. 3  b) . The connective tissue of the lesions was very loose and did not contain the distinct collagen bundles or elastin fibres found in the underlying media. In some areas, the lesions were covered by organized thrombus. The ultrastructure of aortas from BHT-treated animals was similar to that of the cholesterol-fed animals, although macrophage-like foam cells were less frequent in the BHT-treated animals, and the SMC frequently contained numerous lipid droplets (Fig. 3 c) . The intima of BHT-treated animals also appeared to be more densely populated than the intima of control animals. The media of the BHT-treated animals were well organized and contained distinct layers of SMC. On the contrary, in cholesterol-fed animals, the parts ofthe media that were located beneath the focal lesions contained few and irregularly distributed cells.
Analysis ofcholesterol autooxidation products in the aorta, as well as determinations of serum vitamin E levels were performed to evaluate the effect of BHT treatment on lipid oxidation. There was no significant difference in serum vitamin E levels between the rabbits in the control group and those in the BHT-treated group (12.8±7.8 ,umol/liter vs 14.2±5.7 ,umol/ liter). However, analysis of the relative amount of oxidized cholesterol derivatives in aorta demonstrated increased amounts of 7-oxo-cholesterol, cholesterol 5,6-epoxide and 73-hydroxycholesterol in cholesterol-fed animals as compared to BHT-treated animals (Table III) . In four of the cholesterol/ BHT-treated animals, plasma BHT levels were lower than the lowest standard (0.20 mg/liter). In the other four animals, the levels ranged between 0.21 and 1.35 mg/liter (mean level = 0.55 mg/liter). These levels were lower than in our previous study (23), compatible with the present shorter treatment period.
Discussion
In the present study, a moderate dietary-induced hypercholesterolemia in combination with a vascular trauma resulted in development of focal fibromuscular lesions containing SMC, macrophages, and occasional T lymphocytes. In accordance with several previous studies (28-30), ultrastructural analysis showed that the lesions consisted of contractile SMC containing some lipid droplets and macrophage-like cells loaded with varying amounts of lipids. The matrix of the lesions was loose and appeared to consist mainly ofglycosaminoglycans and collagen. The media underlying the lesions contained few cells. The role oflipid oxidation in development ofthe above lesions was investigated by supplementing the diet ofhalfofthe rabbits with 1% BHT. This treatment has earlier demonstrated to decrease serum levels of cholesterol autooxidation products and the development of atherosclerosis in spite of increased total 135 (g and h) . The immunostains were counterstained with hematoxylin. X140. serum cholesterol levels (23). The addition of BHT was found to significantly inhibit the formation of intimal lesions after balloon injury. The mean intimal thickness of the cholesterol/ BHT-treated rabbits was thus only -25% ofthat in the cholesterol-fed rabbits. The intima of BHT-treated rabbits also contained significantly fewer cells per millimeter than the intima of cholesterol-fed animals. In addition, the mean number of cells per square millimeter of intima was higher in the BHTtreated group, possibly suggesting that BHT inhibited not only the increase in intimal cell number, but also the amount of extracellular matrix secreted by the cells. The immunohistological analysis showed that the intima of BHT-treated rabbits contained fewer macrophages and T lymphocytes than in controls, but otherwise, there were no major morphological differences between intimas of the two groups. The mechanism responsible for the inhibitory effect of BHT on development of intimal lesions demonstrated here remains to be clarified. Although it seems likely that the protective effect of BHT is mediated by effects on oxidative modification on plasma lipoproteins, other mechanisms cannot be excluded at the present stage of knowledge. It might be argued that BHT could affect oxidation of lipids in cells in the vessel media damaged through balloon injury. Although we at present can not exclude this possibility, we have recently found that BHT increases the resistance of LDL to oxidative modification in vitro (AL-Shurbaji, A., A. Freyschuss, L. Sisfontes, I. Bjorkhem, P. Henriksson, L. Berglund, unpublished observation). However, further studies on the effect of BHT on the vessel response to balloon injury during normolipidemic conditions are needed to address this issue. Studies performed by Faggiotto and co-workers on hypercholesterolemic primates suggest that the development of fibromuscular lesions is preceded by an intimal accumulation of lipid-laden macrophages (28). Subsequently, SMC migrate from the media into the intima, where they proliferate and secrete extracellular matrix components leading to the formation of fibromuscular lesions (29) . This finding is consistent with the contention that uptake ofoxidized LDL in intimal macrophages may play a role in the recruitment and activation of SMC. Attempts to demonstrate this have given somewhat conflicting results in different models. In a recent study, Malden and co-workers investigated the possibility that macrophages exposed to oxidized LDL may be stimulated to synthesize and secrete PDGF, a potent activator of SMC migration and growth. They found that oxidized LDL inhibited both basal and endotoxin-induced expression of PDGF-B chains in these cells (20) . Accordingly, it has been demonstrated that oxidized LDL suppresses the expression of TNF-a mRNA in murine peritoneal macrophages (31 ) , and that LDL modified by acetylation inhibits the release of PDGF from cultured endothelial cells (32) . In contrast, others have found that minimally modified LDL increases endothelial synthesis of macrophage colony stimulating factor (33) , and that copper-oxidized LDL enhances the secretion of IL-I from human monocytes (10) . In a recent study, we also demonstrated that cultured human SMC exposed to oxidized LDL both increased their basal rate of DNA synthesis and became more sensitive to stimulation with exogenous PDGF. This effect was accompanied by an increased release of PDGF A-A homodimers from the cells and by an increased cell surface expression of PDGF receptors ( 19) . The apparent conflicting results obtained with oxidized LDL may reflect differences in degree of oxidative modification. This emphasizes the need for more exact methods to characterize the degree of modification and the structural changes in the LDL preparations used. However, the finding in the present study that the aortas of BHT-treated rabbits contained decreased amounts ofcholesterol autooxidation products supports the contention that the inhibitory effect of BHT on the intimal thickening could be caused by inhibition oflipid oxidation. In a recent study, Rosenfeld et al., using a similar protocol with balloon injury and cholesterol feeding, demonstrated an accumulation in rabbit aorta of epitopes characteristic of oxidized LDL (34) . This finding strongly suggests that LDL does undergo oxidation during the present conditions and further underscores the conclusion that BHT exerts its antiatherogenic effect as an antioxidant. As discussed above, there are several potential mechanisms by which an inhibition of oxidative modification of LDL may interfere with the development of fibromuscular lesions. It is thus possible that the effect of BHT on development ofintimal lesions may partly be caused by inhibition ofintimal leukocyte recruitment and activation. This was supported by our finding that the intima of BHT-treated rabbits contained less macrophages and T lymphocytes. Yet other possibilities are that BHT might interfere with release of growth factors from intimal cells induced by oxidized LDL, or affect the tissue response to the cytotoxic effect of oxidized LDL during long time exposure. Also, oxidized LDL is chemotactic for monocytes (35) . Thus, a lower degree of oxidative modification might contribute to the reduced number of intimal leukocytes in the presence of BHT. To further evaluate these possibilities, detailed analysis is required ofthe effect ofantioxidant treatment on intimal growth factor production during the early period after balloon injury. However, whatever the mechanisms, the results clearly demonstrate that the presence of the antioxidant BHT modified the arterial response to injury in moderately hypercholesterolemic rabbits.
Plasma lipid values in the present study showed no significant difference between cholesterol/BHT-and cholesterol-fed rabbits, although there was a tendency to higher cholesterol exposures and final plasma cholesterol levels in the BHT group. In our previous study, using a higher cholesterol load, the circulating levels of cholesterol were significantly higher in the BHT treated group (23). There was also a very pronounced increase in plasma triglycerides in the BHT-treated rabbits. This may be of relevance, since the fatty acid pattern in the plasma triglycerides could be of importance during oxidative modification. However, in the present study, no difference in plasma triglycerides was seen between the two groups. The implication of this difference between the two models and the possible role of the triglyceride increase requires further studies. * The figure represents the sum of the 5a-and the 5fl-epimers.
To our knowledge, the present study is the first attempt to study the effect of antioxidants in a tissue injury model during lipid exposure. The results support the hypothesis that an oxidative modification of LDL plays an important role in atherogenesis. They also indicate that lipid oxidation products may enhance intimal SMC proliferation and/or migration and extracellular matrix production after arterial injury. Furthermore, the results are consistent with a possible therapeutic role ofantioxidants; e.g., in connection with the process of restenosis after angioplasty of coronary arteries in humans.
